process of intoxication first involves a binding of PA to a cell-surface receptor (Bradley et al., 2001), followed by cleavage of PA by furin at a single site to produce PA63 (63 kDa), which spontaneously oligomerizes into a heptamer (PA63h) (Milne et al., 1994 
analysis established the internal consistency of the data from the images, the lack of bias extended to the reconstructed, averaged 3D map of the complex, and thereResults
In vitrified as well as negatively stained specimens, both PA63h and the PA63h.LF complex displayed preferential en face (view parallel to the lumen axis) orientation, with the en face fraction greater in the former. This is likely due to hydrophobic patches located at the "top" face of the oligomer that are revealed upon conversion of PA to PA63 by proteolysis and are involved in LF binding. Initially, using images of en face views that were within a tilt of Ϯ15Њ, we calculated a projected difference map (PA63h.LF-PA63h) (Supplemental Figure S1 ; see the Supplemental Data available with this article online). This difference map revealed (1) a set of three density peaks contiguously located on one half of the projected view of the oligomer and (2) major density modulation in the lumen. This result indicated that the ligand bound the oligomer asymmetrically (Mogridge et al., 2002a) and that upon binding there is a large redistribution of protein mass along the lumen volume.
We found that sub-c.m.c. (critical micellar concentration) amounts of the detergent ␤-octyl glucopyranoside (OG), added just prior to vitrification, diminished the preferential orientation and yielded a range of views (Figure 1 ) that proved sufficient for 3D reconstruction described hereafter. visually to be essentially similar with very similar final ues ranged from 2,760 to 6,316 (median ϭ 3,969, mean ϭ 4,235), while these ranged from 3,105 to 10,308 (median ϭ 5,180, mean ϭ 5,908) in the case of the complex (Supplemental Table S1 ). These calculated values elaborated distinct distribution profiles (Supplemental Figures S3A and S3B ) and indicated density variations between many pairs of monomers in the complex that were significantly larger than those for unsymmetrized PA63h. Further analysis to demonstrate that the distributions are significantly different was carried out by using the nonparametric Kolmogorov-Smirnov statistical test (Conover, 1971 The Interaction between PA63 and LF To our knowledge, our study, for the first time, directly sequence similarity is limited (Pannifer et al., 2001) .
The most striking effect of the ligand binding is on visualizes the binding of full-length LF to PA63h, an essential step in anthrax toxin action. The envelope of the shape and geometry of the lumen and the regular structure of the PA63 heptamer. There is significant enthe 3D reconstruction calculated at ‫81ف‬ Å resolution indicates that in the PA63h.LF complex an equivalent largement of the lumen volume, which now assumes an irregular shape with an axis inclined by about 13Њ to the of one LF molecule binds to one oligomer. As mentioned earlier, reported values for the stoichiometry of LF (or C7 axis of the unliganded molecule. This change in the lumen architecture is in large part due to a pronounced EF) and LF N binding to PA63h have varied. This was determined to be seven LF per heptamer from native displacement between monomers E and F, which is apparent especially at the membrane-interacting face (Figgel electrophoresis (Singh et al., 1999) . However 2ϩ binding, were stored at Ϫ80ЊC in 5 mM CHES, 5 mM orientating these in three dimensions to achieve the best fit within NaCl (pH 9.4), and 10 mM Tris (pH 8.0). To generate the ligand the density envelope. heptamer complex, aliquots of freshly thawed PA63h and LF were mixed at a ratio of 10.5 ligand molecules to 1 PA63h heptamer (molar Starting Models ratio of ligand to PA63 monomer ϭ 1.5:1) and incubated at room Several initial models, either generated in the reference-free procetemperature for 30 min with 1 mM DTT added. Specimen preparation dure or supplied externally, were used for calculating independent for microscopy (described below) for the complex was carried out 3D reconstructions. These were (1) an X-ray structure-derived model at 4ЊC or at room temperature, usually within 30 min of incubation.
of PA63h (Petosa et al., 1997) truncated to 50 Å resolution, (2) a 3D model generated by reference-free alignment of images from EM Specimen Preparation and Data Collection negatively stained samples of PA63h, and (3) a 3D model created by Negatively stained specimens were prepared by using 0.2% methylreference-free alignment of a low-pass filtered (25 Å ), high defocus amine tungstate according to Kolodziej et al. (1997) and by using (1.6-3.5 m) member of cryo-image pairs and by using information 1% uranyl acetate. Such specimens were tilted up to 55Њ in a Philips only within the first CTF node. In the case of PA63h, calculations were CM120 or CM100 microscope to capture tilted projections used to done both with and without imposing the C7 symmetry, whereas in calculate low-resolution, initial 3D models from images recorded at the case of the PA63h.LF complex, no C7 symmetry was imposed under-focus of 3,000-8,000 Å . In order to examine the effect of since the analysis in projection (see below) had indicated asymmetry additives to induce display of the full range of orientations in nomiinduced by LF binding. Fourier shell correlation analysis was used nally untilted images of vitrified protein samples, detergents such as to check the stability and convergence of the refinement process OG, Triton X-100, and 3-[3-Cholamidopropyl)-dimethylammonio]-1-leading to the calculated averaged maps and was also used to propane sulfonate (CHAPS) at sub-c.m.c. concentrations and a variety assess the agreement between the maps determined independently of lipids (at low-millimolar concentration), such as E. coli phosphaby using different starting models. tidylcholine, di-myristoyl phosphatidylcholine, di-lauroyl phosphatidylcholine, di-oleoyl phosphatidylcholine, Palmitoyloleoyl phosphaProcessing of Images of the En Face Nominally Untilted View tidylcholine, E. coli phosphatidyl ethanolamine, and E. coli polar lipids, The en face views were analyzed as a pseudo 3D data set so as to were added to protein samples just prior to vitrification. We found account for small tilts. The initial model was the 3D X-ray structure that OG (c.m.c. ϭ 0.44%) at a final concentration of 0.05% was the of PA63h truncated to 50 Å resolution, and during this analysis, C7 most satisfactory additive for imaging frozen-hydrated specimens symmetry was applied only in the case of PA63h. The refinement of both PA63h and PA63h.LF. Such specimens were prepared by results showed that more than 90% of the en face images were plunge freezing (Dubochet et al., 1988) protein samples with 0.05% within ‫51ف‬Њ from the 7-fold axis direction. The averaged, nominally added OG and were suspended in buffer across holes in carbonprojected views for PA63h and PA63h.LF were generated from the support film (Quantifoil, Germany). These were examined, nominally pseudo 3D reconstructions. For calculating the PA63h.LF-PA63h untilted, at Ϫ173ЊC. Minimal dose pairs of cryo-images, the first at difference map, the two maps were first normalized by using the close to focus ‫7.0ف(‬ m under-focus) and the second at an undermean and maximum density in each map. Next, the maps were focus of 1.6-3.5 m, were recorded with a Philips CM200FEG operrotated and aligned, and the difference map was calculated. ated at 120KV and at a nominal magnification of 50,000. Micrographs were digitized at 7 m/pixel on a SCAI scanner (Zeiss) and then Supplemental Data binned at 2 ϫ 2 pixels so that each pixel corresponded to 2.8 Å on Supplemental Data including Supplemental Table S1 ; a description the specimen.
of the chi-squared analysis calculation that was used to compute the entries in Supplemental Table S1 ; and additional figures, includImage Processing, 3D Reconstruction, and Docking ing the figures that describe statistical analysis based on the data of Atomic Models in Supplemental Table S1 , are available at http://www.structure.org/ Single particle image analysis and 3D reconstruction were carried out by using the EMAN program suite (Ludtke et al., 1999) . Particle cgi/content/full/12/11/2059/DC1/.
